Background & Aims: A history of high body mass index (BMI) is strongly associated with risk
Introduction
Among all obesity-related cancers, esophageal adenocarcinoma (EAC) has the strongest known association with body mass index (BMI), 1, 2 and the association is linear. [3] [4] [5] There are several potential mechanisms behind the overall increased risk of developing cancer among overweight persons, 6 but the particularly strong association with EAC indicates the presence of a more organ-specific mechanism being involved. The most obvious explanation would be that overweight, through an increased intra-abdominal pressure due to visceral adiposity, facilitates gastroesophageal reflux which in turn causes Barrett's esophagus and EAC. 7 This postulated carcinogenic pathway is supported by the dose-dependent association between BMI and gastroesophageal reflux, 8, 9 and by studies showing that abdominal and visceral adiposity, facilitating gastroesophageal reflux, are stronger risk factors for EAC than BMI alone. 10 Existing epidemiological studies have consistently found that, with mutual control, overweight and gastroesophageal reflux symptoms are independent risk factors for EAC. 2-5, 11, 12 The degree to which gastroesophageal reflux mediates the body mass-EAC association deserves more in-depth studies. 13 We have previously studied the role of both BMI and gastroesophageal reflux in the etiology of EAC and gastroesophageal junctional adenocarcinoma (JAC) in a nationwide Swedish case-control study, 3, 7 but we did not conduct any in-depth analyses of how various levels BMI and gastroesophageal reflux interact in the development of EAC. An Australian study addressed combined effects of BMI, gastroesophageal reflux and tobacco smoking on the risk of EAC and found that adjustment for gastroesophageal reflux only modestly attenuated the association between BMI and EAC. 11 To further explore whether the strong association between BMI and EAC, we hypothesized that the effect of BMI is modified by gastroesophageal reflux at certain levels of frequency, severity or duration.
Methods

Design
The organization and design of our Swedish population-based case-control study has been described in detail elsewhere. 7 In brief, the study base consisted of all Swedish-born residents aged between 40 and 80 years in 1995 through 1997. Cases were all those newly diagnosed with EAC or JAC during this period. All 195 hospital departments involved in the diagnosis or management of these patients in Sweden collaborated in the recruitment of patients. Controls were randomly selected from the Swedish Register of the Total Population and were frequency matched for age and sex of the EAC case patients. Exposure information was obtained through personal interviews with all study participants. The interviews were conducted by professional interviewers employed by Statistics Sweden. The interviewers were trained to treat the cases and control in equal manner. The tumor classification was rigorous and uniform, which allowed us to distinguish between adenocarcinomas of the esophagus and those of the gastroesophageal junction (tumors within 2 cm above and 3 cm below the junction). All histological specimens were later re-examined by one experienced pathologist to make the classification more uniform for study purposes.
Exposure variables and covariates
Body mass index
BMI was calculated as the weight in kilograms divided by the square of body height in meters (kg/m 2 ). Data on weight and height 20 years prior to interview as well as maximum adult weight was retrospectively collected during the interviews. Normal weight was defined as BMI <25, overweight as 25≤BMI<30, obesity as 30≤BMI<35, and severe obesity as BMI ≥35. In some analyses, categories for overweight, obesity and severe obesity were combined into one category ("overweight/obese" -BMI ≥25).
Gastroesophageal reflux symptoms
Gastroesophageal reflux symptoms were defined as the presence of heartburn or regurgitation at least weekly during at least 6 months, occurring at least 5 years prior to interview. This definition is well in line with the current definition of gastroesophageal reflux disease. 14 
Covariates
Six potential confounding variables were evaluated: sex and age, along with tobacco smoking, alcohol consumption, dietary intake of fruit and vegetables, and socio-economic status. These covariates were selected because they have been found to have confounding effects in previous analyses of our case-control study. All data management and analysis was carried out by using SAS, version 9.2 (SAS Institute Inc., Cary, NC, USA).
Results
Participants
Included were 189 patients with EAC, 262 patients with JAC, constituting 87% and 83%, respectively, of all eligible incident cases that occurred within the study base. The 816 control subjects constituted 75% of all subjects who had been originally selected. Some characteristics of the participants are presented in Table 1 . Presence of overweight and reflux was highest in cases of EAC, followed by cases of JAC, and lowest in the control participants. Use of tobacco and alcohol was highest in JAC patients, slightly lower in cases of EAC, and lowest among controls. A highest attained educational level of >10 years was most common among control participants and least common among EAC cases (Table 1) .
Mutually adjusted associations
The crude ORs were generally similar to the multivariably adjusted ORs. Therefore, only the EAC and JAC among participants with maximum BMI ≥25, but the precision was poor and the differences were not statistically significant (Table 3) . In Table 4 , the BMI categories <25 and ≥25 were compared in various levels of gastroesophageal reflux frequency, severity and duration. The risk estimates of EAC increased with a higher frequency and severity of gastroesophageal reflux in participant with BMI ≥25 compared to normal BMI, but no such pattern was seen for gastroesophageal reflux duration. Poor precision also limited analyses of the association between BMI and risk of EAC and JAC, stratified by gastroesophageal reflux status (Table 4) , but by and large the risk gradient tended to be steeper in the strata with the highest gastroesophageal reflux frequency, severity and duration.
Synergy analysis
There were mostly strong and statistically significant synergisms between BMI and gastroesophageal reflux, particularly gastroesophageal reflux frequency, in their association with EAC. Synergy indexes typically ranged between 2 and 4 ( 
Discussion
This study did not reveal any evidence in support of the hypothesis that gastroesophageal reflux is a mediator of the association between BMI and risk of EAC or JAC. We found suggestive evidence of additive interactions and synergisms between these two exposures in relation to risk of these tumors, and when EAC was the outcome, the evidence of synergisms was convincing.
Strengths of the study include the population-based design with rapid case ascertainment and high participation rates, thorough tumor characterization, personal interviews with all study participants, the detailed information about the study exposures and covariates, and the ability to adjust the results for confounding by other known risk factors. Among limitations is the risk of misclassification of the exposures, which might be different in cases and controls, i.e. recall bias. Separate analyses were, however, conducted also among 167 cases of squamous cell carcinoma of the esophagus, and no associations were found between BMI, gastroesophageal reflux or any combinations of these two study exposures and risk of this cancer (data not shown). This finding might argue against strong influence of recall bias, since such bias would be expected in these patients as well, but recall bias can nevertheless not be ruled out. Finally, the statistical power was limited, particularly in subgroup analyses, leaving a risk of chance findings.
The additive effect was seemingly more pronounced for maximum BMI than BMI 20 years before interview. This might be due to the higher level of BMI in the former variable, or that the gastroesophageal reflux co-exists more often in the latter variable. There was a lack of additive interaction (S=1.1) when gastroesophageal reflux duration and BMI 20 years before interview were analysed, i.e. when the exposures were obviously present at the same time.
The association between BMI and EAC is stronger than that of any other obesity-related cancer. 1, 2 Since BMI is a dose-dependent risk factor for gastroesophageal reflux, 8, 9 and gastroesophageal reflux is a strong and organ-specific risk factor for EAC, 7, 19 there are good reasons to believe that the association between BMI and EAC is mediated by gastroesophageal reflux. However, most previous epidemiological studies have reported a similar strength in the association between BMI and EAC in individuals with and without gastroesophageal reflux symptoms. 2-5, 11, 20 A population-based case-control study from Australia found similar patterns regarding gastroesophageal reflux combined with BMI, but that study did not include analyses of how higher levels of frequency, severity or duration of gastroesophageal reflux symptoms influenced the results. 11 The lack of evidence from previous research together with the present in-depth analysis of this issue argues against the hypothesis that the association between obesity and EAC is mediated only by gastroesophageal reflux. Perhaps asymptomatic gastroesophageal reflux could play a role, since 40% of the cases EAC do not report gastroesophageal reflux symptoms, 7 while most of them likely have Barrett´s esophagus. 21 There is, however, some empiric evidence in support of a high frequency of asymptomatic gastroesophageal reflux in obese individuals. 4, 22 Nevertheless, there is a need to also consider other organ-specific mechanisms that might explain the overweight-EAC association, e.g., a prolonged esophageal emptying, 4 a divergent microflora, 23 and an increased consumption of food in general in obese individuals might result in an increased esophageal exposure to carcinogenic dietary factors.
In conclusion, this carefully conducted population-based study found no support for the hypothesis that the association between BMI and EAC is importantly mediated by symptomatic gastroesophageal reflux. Other organ-specific mechanisms explaining why the association between BMI and EAC is stronger than that of any other cancer deserve attention. (12) 53 (20) 55-59 80 (10) 15 (8) 22 (8) 60-64 106 (13) 25 (13) 36 (14) 65-69 139 (17) 36 (19) 48 (18) 70 
